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ABSTRACT 


Measurements  on  the  effects  of  a  conical  plasma  sheath  on  two 
orthogonally  oriented  slot  antennas  flush-mounted  on  the  surface 
of  a  conical  vehicle  model  were  made.  The  plasma  parameters  were 
varied  over  the  range  13  <  cup /o>  <  23,  .007  <  v/cu  <  .026.  The 
measurements  were  performed  at  2700  MC  with  input  powers  of  100 
milliwatts  and  10  watts. 

/ 

The  antenna  patterns  show  strong  interference  effects  and 
signal  attenuation  on  the  order  of  30db.  Isolation  between  the 
slot  antennas  is  found  to  decrease  20  db  for  cup/cu  >  20  and  v/cu 
<  .008.  The  antenna  input  impedance  is  observed  to  be  apprecia¬ 
bly  affected  by  pressure  changes  of  1  Torr  in  argon  for  high  in¬ 
put  power  (i.e.,  10  watts) .  The  impedance  is  also  observed  to 
undergo  an  appreciable  change  for  high  power  but  constant  pres- 
sure*  greatest  change  in  input  impedance  is  produced  by  an 

RF  sustained  plasma  at  the  antenna  aperture  at  high  power.  The 
plasma  sheath  produced  a  maximum  VSWR  of  4.5  indicating  that  the 
major  loss  of  power  was  due  to  absorption  in  the  plasma.  The  RF 
sustained  plasma  produced  a  maximum  VSWR  of  7.8. 

Developments  in  progress  to  extend  the  operating  range  of  the 
simulator  are  described. 

The  analytical  problem  of  determining  the  input  impedance  and 
radiation  field  pattern  of  a  slot  antenna  on  the  surface  of  an 
infinite  conducting  cone  covered  by  a  plasma  sheath  is  formulated. 

A  summary  of  a  systems  analysis, is  presented. 
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SECTION  1 
INTRODUCTION 

This  report  describes  the  work  performed  during  the  final 
quarter  by  the  Space  and  Information  Systems  Division  of  the 
Raytheon  Company  on  Contract  AF19 (628) -5519  for  the  Air  Force 

Electronic  Systems  Division  (ESKK) ,  Systems  Command,  under  ARPA 
Project  Defender. 

The  purpose  of  the  program  was  to  use  a  laboratory  reentry 
plasma  simulation  technique  to  study  the  effect  of  the  plasma 
sheath  on  various  types  of  practically  realizable  ECM  vehicle 
antennas.  On  the  basis  of  this  study  an  optimum  antenna  config¬ 
uration  for  penetrating  through  the  plasma  sheath  was  to  be  re¬ 
commended.  Due  to  the  difficulties  encountered  in  developing 
the  plasma  simulation  technique,  time  and  funds  permitted  the 
detailed  investigation  of  only  one  type  of  antenna  configuration. 
The  experimental  and  analytical  studies  were  concerned  with  the 
effects  of  the  plasma  sheath  on  two  orthogonally  oriented  slot 
antennas  flush-mounted  on  the  surface  of  a  conical  reentry  ve¬ 
hicle  model. 

The  analytical  problem  of  determining  the  antenna  input  im¬ 
pedance  and  radiation-field  pattern  was  formulated,  and  the  field 
amplitude  coefficients  were  in  the  process  of  being  evaluated. 

Ac  this  point,  the  analytical  effort  was  terminated  to  conserve 
funds  and  place  more  emphasis  on  the  experimental  effort.  The 

experimental  program  was  carried  out  in  great  detail,  producing 
many  useful  results. 
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A  systems  study  „as  performed  to  guide  the  program  towards 
reentry  systems  problems  and  requirements. 

1-1  s“rcrcarv  of  Experimental  Etfozt 

A  do  discharge  plasma  simulator  was  constructed  which  pro¬ 
ved  a  conical  plasma  sheath  whose  overall  dimensions  were  ap- 

“y  t0  01038  °f  3  tYPiCal  ECM  Ieentry  Plasma  sheath, 

the  simulator  was  mounted  a  copper  cone  whose  dimensions 

were  typical  of  a  full-size  ECM  vehicle  nose  cone.  Antennas  were 

counted  in  the  conical  surface.  A  photograph  of  the  setup  appears 
in  Figure  2-4,  page  2-5. 

Electron  densities  ind  electron  temperatures  in  the  plasma 

were  measured  with  Langmuir  probes.  Useful  plasma  sheaths  could 

e  generated  with  argon  gas  in  the  pressure  range  from  2.4  Torr 

to  3  5  Torr.  The  electron-neutral  particle  collision  frequencies 
were  less  than  5  x  if)  /eani . 

than  in13  » -3  ^  electron  densities  were  greater 

on  .  An  anechoic  chamber  was  constructed  around  the 
simulator  facility  for  making  antenna  pattern  measurements.  The 
chamber  was  modified  until  satisfactory  "no  plasma"  antenna  pat- 
erns  were  obtained.  This  modification  process  proved  to  be  more 

i  icult  than  expected ,  and  substantial  work  was  needed  to  ac- 
hieve  satisfactory  results. 

An  S-Band  coaxial  system  was  constructed  which  produced  very 
tttle  RF  leakage.  A  low  RF  leakage  background  was  required  to 
obtain  meaningful  antenna  patterns.  Antenna  patterns,  antenna 
isolation,  input  impedance  and  input  VSWR  were  measured  at  low 
P'  (i.e.,100  milliwatts)  and  high  power  (i.e,10  watts.). 

T"  the  3CtUal  reentry  case'  electromagnetic  energy  propagated 
towards  the  rear  of  the  vehicle  becomes  trapped  in  the  wake  of 
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the  plasma  sheath.  This  aspect  of  the  wake  was  simulated  by 

properly  terminating  the  vehicle  model  at  the  base  with  micro 
wave  absorber  material. 
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SECTION  2 

I 

REENTRY  PLASMA  SIMULATOR 

f 

i 

A  dc  discharge  plasma  facility  developed  in  an  earlier  pro¬ 
gram  by  the  Raytheon  Company  was  used  to  generate  a  conical  plasma 
sheath  whose  overall  dimensions  were  approximately  equal  to  those 
of  a  typical  ECM  vehicle  reentry  plasma  sheath.  The  plasma  fa¬ 
cility  is  shown  schematically  in  Figures  2-1  and  2-2. 

2 . 1  Construction 

The  simulator  envelope  was  constructed  from  two  glass  cones 
which  were  joined  at  their  bases.  The  apex  of  the  outer  cone 
was  connected  to  1  1/2"  D  glass  tube  which  contained  a  water- 
cooled  anode  and  two  Langmuir  probes.  Four  externally  heated 
cathodes  were  located  near  the  base  of  the  outer  cone,  spaced  90 
apart.  The  ac  heater  supply  for  the  cathodes  and  the  dc  dis¬ 
charge  power  supply  are  shown  schematically  in  Figure  2-1.  The 
principle  dimensions  of  the  simulator  are  given  in  Figure  2-3. 

A  photograph  of  the  simulator  mounted  in  the  anechoic  chamber  is 

shown  in  Figure  2-4. 

The  main  dc  supply  was  a  welding  generator  capable  of  supply¬ 
ing  600  amperes  of  dc  current.  A  dc  power  supply  was  put  in  ser¬ 
ies  with  the  welding  generator  to  obtain  the  necessary  striking  anode 
to-cathode  voltage  required  to  initiate  the  discharge.  Each  ca¬ 
thode  stem  was  air-cooled  to  prevent  excessive  thermal  stresses 
in  the  glass.  The  cathodes  were  operated  between  900°C  and  1000  C; 
the  cathodes  were  observed  to  "flicker"  at  lower  operating  tem¬ 
peratures.  The  Langmuir  probes  were  constructed  from  .010"  tung¬ 
sten  wire  encased  in  a  glass  sleeve.  Each  probe  extended  to  the 
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IT of  the  disch“8e  enabied 

to  measure  the  electric  field  strength  in  the  plasma. 

The  entire  glass  system  was  baked  for  several  days  to  350°c 
to  drrve  impurities  out  of  the  glass  walls.  After  bL-out  L 
simulator  was  pumped  down  to  lo'8  Torr.  A  very  clean  system  was 
cessary  for  steady  operation  of  the  discharge,  for  long  cathode 

cLldT  hr“CibiUty  °f  COnditi°nS"  pressure 

be  held  at  a  constant  value  over  a  Dcrirv? 

without  adding  or  subtract- -i  several  months 

.  n9  gas.  Before  making  measurements 

the  simulator  was  run  for  several  hours  to  further  clean  the  sys¬ 
tem  by  particle  bombardment,  and  obtain  a  stable  discharge  of  a 
Pinkish  glow  characteristic  of  a  pure  argon  discharge. 

The  all^lass  gas-mixing  section  enabled  one  to  mix  any  three 
spectroscopically  pure  gases  in  any  proportion  desired  (Figure  2-2! 
2-2  Operational  Characterise  — 

ter  nail  TT"  Pl"“  d-<*erges  with  ex- 

d  ata  ,  Cath0d6S  iS  -  <*«  to  zero  along  the 

tance  between  the  cathode  and  the  anode,  except  across  the 

cattode  fail  space  which  is  usually  very  short,  on  the  order  of 
cm  (Reference  1) .  a  constant  electric  field  distribution 
the  plasma  is  very  convenient  for  determining  the  drift  velo¬ 
city  of  electrons  at  any  point  in  the  plasma,  since  the  drift 
ie  ocity  is  a  function  of  E/p  where  E  is  the  electric  field 
strength  and  p  is  the  gas  pressure  (Reference  2)  .  Thus  the  elec¬ 
tron  drift  velocity  is  a  constant  along  the  distance  between  the 
cathode  and  the  anode,  except  for  the  cathode  fall  space.  For 
a  constant  drift  velocity  of  electrons  along  a  discharge  vessel 
of  varying  cross-sectional  area  the  electron  density  at  seme 
cross-section  is  related  to  the  electron  density  at  seme  other 
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n 

e 


V 


V. 


(2-1) 


where  I  is  discharge  current;  A^  the  cross-sectional  area  of  the 

discharge  vessel;  e  the  charge  of  the  electron  and  v,  the  drift 

d 

velocity  of  electrons  in  the  gas  being  used..  Equation  (2-1)  was 
used  to  determine  the  electron  density  in  the  region  of  the  slot 
antenna  (Figure  3-1, page  3-2)  as  discussed  above. 

Filling  of  the  simulator  envelope  with  plasma  was  investigated 
experimentally  over  a  wide  range  of  gas  pressures  and  discharge 
currents.  One  hundred  percent  argon  was  used  in  all  experiments . 
The  percentage  filling  of  the  simulator  depended  critically  on 
the  gas  pressure  and  to  a  lesser  extent,  on  the  magnitude  of  fhe 
discharge  current.  At  very  low  pressures  (i.e.,  approximately  25 
microns)  the  gas  pressure  dropped  to  zero  in  about  35  minutes, 
indicating  that  argon  was  being  driven  into  the  simulator  walls 
by  the  discharge.  In  the  current  range  from  24  amps  to  50  amps, 
however,  the  simulator  was  completely  filled  and  the  discharge 
appeared  to  be  very*  stable.  At  50  inicrons  cold  pressure  the  sim¬ 
ulator  was  completely  filled  and  the  discharge  very  stable  in  the 
current  range  from  24  amps  to  50  amps.  Below  24  amps  the  dis- 
charge  became  unstable  and  the  percentage  filling  decreased  rapid¬ 
ly  with  decreasing  discharge  current..  For  215  microns  cold  pres¬ 
sure  complete  filling  was  never  achieved.  Maximum  filling  of 
approximately  75%  of  the  simulator  envelope  occurred  at  48  amps. 
Below  34  amps  the  percentage  filling  decreased  rapidly  and  the 
discharge  became  highly  unstable.  Between  215  microns  and  approx¬ 
imately  2  Torr  the  discharge  was  highly  unstable.  At  3  Torr  cold 
pressure  the  percentage  filling  increased  with  increasing  current 


2-7 


RAYTHEON  COM  P  A  N  Y 


INFORM  ATlO 


I  VI  •  I 


and  wa,  almost  completely  filled  (i.e.,  approximately  95%)  at 
45  amps  discharge  current.  No  attempt  was  made  to  run  the  simu¬ 
lator  above  48  amps  since  the  apex  temperature  of  the  inner  glass 
cone  became  very  hot  at  high  discharge  currents.  The  percentage 
filling  dropped  to  about  50%  at  25  amps,  it  was  discovered  that 
about  75%  filling  could  be  achieved  by  running  the  simulator  on 
only  three  cathodes.  With  only  three  cathodes  the  unfilled  por¬ 
tion  of  the  simulator  was  essentially  confined  to  the  region  di¬ 
rectly  above  the  "turned-off"  cathode;  whereas  the  plasma  filling 
m  the  region  over  the  operating  cathodes  was  increased.  This 
mode  of  operation  of  the  simulator  was  found  to  be  most  useful 
when  making  antenna  measurements,  since  both  slot  antennas  were 
located  on  one  side  of  the  simulator.  At  pressures  of  about  13 
T°rr  tlle  discharge  constricted  to  a  strip  of  plasma  about  5  inches 
wide  at  50  amps  and  1  inch  wide  at  4  amps.  Such  a  constricted 
plasma  was  useless  for  antenna  measurements. 


From  the  above  observations  it  was  concluded  that  the  only 
useful  pressures  of  operation  would  be  at  about  50  microns  and 
3  Torr.  Operation  at  50  microns  was  later  excluded  when  it  was 
discovered  that  the  discharge  was  fluctuating  at  a  rapid  rate, 
as  discussed  below. 


The  supply  voltage  required  to  initiate  the  discharge  was 
typically  about  120  volts  with  the  aid  of  a  Teslar  coil.  The 
average  anode -to-cathode  voltage  required  to  sustain  the  dis¬ 
charge  varied  between  70  volts  at  low  current  and  33  volts  at 
high  current.  The  simulator  was  run  with  each  cathode  drawing 

equal  dc  current  to  obtain  a  uniform  plasma  in  the  azimuthal 
direction. 
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Heating  of  the  apex  of  the  inner  glass  cone  required  the  dis¬ 
charge  current  to  be  maintained  below  48  amps.  Cooling  of  the 
apex  was  provided  by  a  jet  of  compressed  air  fed  through  the  ECM 
vehicle  model  and  directed  to  one  side  of  the  apex.  A  thermo¬ 
couple  was  placed  at  the  apex  during  the  heat  tests  to  obtain  a 
correlation  between  discharge  current  and  the  temperature  of  the 
apex.  The  outer  glass  cone  was  cooled  by  a  high  capacity  blower 
mounted  several  feet  above  the  anode. 

2.2.1  Plasma  Instability 

Preliminary  antenna  patterns  taken  with  argon  gas  at  60 
microns  in  the  simulator  showed  approximately  3  db  of  attenuation 
due  to  the  plasma  sheath,  but  no  noticeable  pattern  distortion. 
This  led  us  to  suspect  that  the  discharge  was  unstable  even  though 
it  appeared  very  stable  visually. 

A  CW  S-Band  signal  was  fed  into  one  of  the  slot  antennas, 

% 

and  the  signal  transmitted  through  the  plasma  sheath  was  detected 
and  displayed  on  an  oscilloscope  using  the  circuit  shown  in  Fig¬ 
ure  2-5.  The  amplitude  modulation  superimposed  on  the  signal  by 
the  plasma  is  shown  in  Figure  2-6  and  Figure  2-7.  In  each  case 
it  is  noted  that  the  mean  height  of  the  top  of  the  pulse  corre¬ 
sponds  to  zero  db  of  signal  attenuation  and  the  mean  height  of 
the  bottom  of  the  pulse  corr  ^>onds  to  signal  attenuation  greater 
than  10  db.  The  almost  square-wave  modulation  due  to  the  plasma 

explains  the  approximate  3  db  of  attenuation  observed  from  the 

© 

antenna  pattern  measurements  and  the  absence  of  pattern  distortion. 

At  a  gas  pressure  of  620  microns  or  greater  the  plasma 
did  not  modulate  the  signal,  thus  indicating  a  stable  plasma. 

This  is  shown  in  Figure  2-8  and  Figure  2-9. 
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Figure  2-5  Plasma  Instability  Measurement 
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Figure  2-6 


TIME 


stabilities*^  27°°  “C  ™  S1*"al  Due  to  «asma  In¬ 
stabilities  for  Argon  at  70  Microns  and  1=35  amps. 
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Figure  2-7  Modulation  of  2700  MC  CW  Signal  Due  to  Plasma  In 
stability  frr  Argon  at  105  Microns  and  1=35  amps 
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Figure  2-8  Attenuation  of  2700  MC  CW  Signal  Due'  to  Plasma 
Sheath  for  Argon  at  620  Microns  and  1=35  Amps. 
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Figure  2-9.  Attenuation  of  2700  MC  CW  Signal  Due  to  Plasma 
Sheath  for  Argon  at  3.0  Torr  and  1=35  Amps. 


No  measurements  of  plasma  modulation  effects  were  made 


i'or  gas  pressures  below  620  microns  and  above  200  microns,  since 
the  plasma  was  visually  highly  unstable,  in  this  pressure  range, 
as  discussed  in  the  previous  section. 

From  the  above  observations  on  plasma  filling  of  the 
simulator  envelope  and  plasma  stability  it  was  decided  to  make 
all  antenna  measurements  at  2.4  Torr  and  3.5  Torr . 

2.2.2  Plasma  Parameters 

The  electron  density  and  electron  temperature  at  the 
apex  of  the  simulator  were  determined  from  Langmuir  probe  mea¬ 
surements.  The  electron  density  in  the  vicinity  of  the  slot 
antennas  was  obtained  by  applying  equation  (2-1)  and  the  measured 
values  of  the  electron  density  at  the  apex  of  the  simulator.  To 
determine  the  electron-neutral  particle  collision  frequency  the 
gas  temperature  was  measured  by  noting  the  change  in  pressure 
when  the  discharge  was  turned  off  and  applying  the  ideal  gas  law. 

Since  the  percentage  filling  of  the  simulator  with  plas¬ 
ma  decreased  appreciable  for  discharge  currents  below  25  amps, 
the  plasma  parameters  were  not  measured  for  currents  below  25 
amps. 

A  detailed  discussion  of  Langmuir  probe  theory,  and  cor¬ 
rections  to  Langmuir  probe  data  required  at  the  higher  pressures 
(i.e.,  above  1  Torr)  is  given  in  References  3  and  4.  A  descrip¬ 
tion  of  the  Langmuir  probe  circuit  used  in  the  experiments  is 
described  in  Reference  4.  A  typical  Langmuir  probe  character¬ 
istic  obtained  with  the  probe  nearest  the  simulator  anode  is 
shown  in  Figure  2-10.  The  probe  current  I  is  measured  on  the 
vertical  axis  and  the  probe  voltage  (i.e.  with  respect  to  the 
anode)  is  measured  on  the  horizontal  axis.  The  distance  of  the 


Figure  2-10  Langmuir  Probe  Characteristic  for  25  Ampere  Discharge 
in  Argon  at  3.5  Torr. 


flat  bottom  portion  of  the  characteristic  from  the  horizontal 
axis  is  a  measure  of  the  ion  saturation  current  to  the  probe 
when  the  probe  voltage  is  sufficiently  negative.  The  intersec¬ 
tion  of  the  characteristic  with  the  voltage  axis  is  the  floating 
potential  of  the  probe  (lp  =0).  The  floating  potential  was 
found  to  be  negative  in  all  measurements.  The  electron  satura¬ 
tion  portion  of  the  curve  could  not  be  obtained  since  it  would 

have  required  the  probe  to  draw  a  large  electron  current  causing 
the  probe  to  burn  out. 


AY  T  HEON  COMPANY 

^  ™  •"°  ,W»*«T'D«  IVftTIUI  O.V,„o» 


2. 2. 2,1  Electron  Density 


(Reference  4) 


The  electron  density  at  the  probe 


is  given  by 


eAp  x  1.67  x  10' 


1/2 

e  ,  -3 

ki"  <K  ) 

e 


(2-2) 


where. 


Ies  electron  saturation  current  to  the  probe  (amp) 

Ap  ■  probe  area  (n2) 

■^e  ~  electron  temper?*ture  (°K) 

e  =  electronic  charge  =  1.6  x  10“19  coulombs 

k  =  Boltzmann's  constant  =  1.38  x  1023  joules/°K 

After  substituting  the  numerical  values  of  e,  k  and  A  ,  for  the 
probe  used.  Equation  (2-2)  can  be  rewritten  in  the  fort,: 

X  pA 

n  «  (23.144)  (i.  )  (-esj  x  10__  ,  -3, 
e  {I,  '  X  m  (m  )  (2-3) 

xs  e 


(m~3) 


icaT  ?  \  SatUrati°"  the  probe.  The  numer 
real  value  of  is  obtained  from  the  Langmuir  probe  character- 
1S  rc  and  the  ratio ^  is  given  by  Figure  „  Qf  Reference  3_ 

is 


P  =  2.4  Torr  <^£)  =  680 

'  is 


(2-4) 


and  for  p  =  3.5  Torr  =  840 

is 


(2-5) 


The  electron  temperature  is  obtained  free,  the  slope  of  the 
trcal  portion  of  the  Langmuir  probe  characteristic  and  the 


ver- 


(2-6) 


-gAVTHEO^- 

relation  (Reference  4) 
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(Ini  ) 


split  lP  Z  Pr0bG  CUrrSnt  and  Vp  the  probe  voltage  with  re¬ 
spect  to  the  anode. 

tro  ^  t>,S  P°int  °£  VieW  °f  antenna  “easurements,  the  elec- 

7trty  ln  ^  ViCi"ity  °£  thS  SlDt  ~aa  ia  -  interest. 

Let  the  cross-sectional  area  of  the  discharge  at  the  probe  be 
enoted  by  %  and  the  cross-section  at  a  point  Midway  between 

tion  2  2 Sl0t  antennas  by  ^2  •  then  from  Equation  (2-1)  of  Sec- 


n  .  A  , 
el  D1 


eVd  ne2  AD2 


(2-7) 


Since  the  total  discharge  current  I  and  electron  drift  velocity 

d  are  lndependent  °f  the  discharge  cross-section  (Section  2.2). 
"el  and  ne2  are  electron  densities  at  A  and  A  ,  respec¬ 
tively.  Xf  the  disenarge  extends  to  the  stator  waL  A 
end  AD2  are  obtained  from  the  dimensions  of  the  simulator  envelope. 

In  the  experiments  the  discharge  was  observed  to 
extend  to  the  walls  of  the  simulator,  and  A^  and  A  were  com¬ 
puted  s imply  from  geometrical  considerations!  Substituting  for 
AD1  and  Ad2  in  E(JUation  (2-7). 


"e2  =  nel  "  <-137>  ne2 


(2-8) 


From  equations  (2-3).  (2-4}  n 

„.  „„  v  ''  ()-  (2'5)  and  <2-6)  the  electron  density 

at  the  probe  was  calculated  for  three  discharge  currents. 
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electron  density  at  the  slot  antennas  was  then  computed  from 
Equation  (2-8)  and  plotted  as  a  function  of  discharge  current  in 
Figure  2-11.  The  electron  temperature  calculated  from  Equation 
(2-6)  is  given  as  a  function  of  electron  density  in  Figure  2-12. 


2*2,2*2  Electron-Neutral  Particle  Collision  Frequency 

The  collision  frequency  of  electrons  with  gas  atoms 
is  given  by  (Reference  2) 

V 

V  =  k  (2-9) 


where,  V  is  the  average  speed  of  the  electron  and  k  is  the  elec¬ 
tron  mean  free  path.  For  a  maxwell-Boltzmann  distribution  of 
velocities,  v  is  given  by  (Reference  1) : 


V  =  (8  k  T  )1//>2 
e'mT 


(2-10) 


where  k  is  Boltzmann's  constant  in  joules  per  degree  Kelvin,  m  is 
the  mass  of  the  electron  in  kilograms  and  Tq  is  the  electron  tem¬ 
perature  in  degrees  Kelvin.  The  general  expression  for  the  mean- 
free  path  is  given  by: 


k  = 


P  P 
o  c 


or. 


273pP 


1 


273  p  P 
_  c 


T 

g 


(2-11) 


where,  T^  is  the  gas  temperature  in  degrees  Kelvin  ,*  p  is  the 

pressure  in  mm  Hg, yP  is  the  probability  of  collision  in 
—1  —1  c 

(mm  Hg)  cm  ,  and  pQ  is  the  reduced"  pressure.  Combining 

Equations  (2-9),  (2-10)  and  (2-11)  the  collision  frequency  reduces 
to: 
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v  =  1.696  x  10  p  p 


c  T 


(2-12) 


The  values  of  Pc  were  obtained  from  Reference  2.  t  was  deter¬ 


mined  by  noting  the  change  in  pressure  when  the  discharge  was 
turned  off.  The  collision  frequency  is  plotted  as  a  function  of 
electron  density  in  Figure  2-13. 
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SECTION  3 

ECM  VEHICLE  MODEL 

The  vehicle  model  used  in  the  experiments  was  constructed 
from  a  copper  cone  10  1/2  inches  high  with  an  apex  angle  of  21 
degrees.  Two  orthogonally  oriented  slot  antennas  were  flush 
mounted  on  the  conical  surface  approximately  4  1/2  inches  from 
the  base  of  the  cone,  measured  to  a  point  midway  between  the  slots 
A  copper  cylinder  about  12  inches  long  was  soldered  to  the  base 
of  the  cone  to  support  it  in  the  simulator  and  to  confine  reflec¬ 
ted  RF  power  from  the  plasma  interface  as  well  as  surface  wave 
radiation  from  the  plasma  discontinuity  to  the  microwave  absorber 
material  at  the  base  of  the  simulator  (Section  4) .  An  air  jet 
was  passed  through  the  nose  of  the  cone  to  cool  the  apex  of  the 
inner  glass  surface  of  the  simulator.  1/4  inch  holes  were  drilled 
into  the  copper  cylinder  wall  to  permit  air  from  the  jet  to  flow 
down  between  the  cone  and  the  inner  glass  surface  of  the  simula¬ 
tor.  The  copper  cone  was  cooled  by  passing  water  through  copper 
tubing  soldered  around  the  base.  A  sketch  of  the  model  is  shown 
in  Figure  3-1,  and  a  photograph  is  shown  in  Figure  3-2. 

Antenna  Construction 

The  slot  antennas  were  constructed  from  dielectrically  loaded 
C-band  waveguide  terminated  at  one  end  by  a  metal  plate.  The 
waveguides  were  fed  by  coaxial  cables  whose  outer  shields  were 
soldered  to  the  waveguides.  Because  of  the  mismatch  between  the 
coaxial  cables  and  the  waveguides,  and  the  mismatch  due  to  the 
glass  walls  of  the  simulator,  coaxial  stub  tuners  were  put  on  the 
ends  of  the  feed  cables.  The  cut-off  frequency  of  the  dielectri- 
cally  loaded  waveguide  was  about  2.6  GHz. 
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3 • 2  Antenna  Characteristics 


With  no  plasma  in  the  simulator,  the  stub  tuners  could  be 
adjusted  so  that  the  VSWR  at  the  input  of  the  tuners  was  less 
than  1.10.  The  internal  loss  of  the  antennas  was  estimated  by 
covering  the  slot  apertures  with  aluminum  tape  and  noting  the 
change  in  the  input  VSWR.  The  vertical  slot  antenna  had  about 
a  4  db  loss  and  the  horizontal  slot  antenna  had  less  than  a  1  db 
loss.  The  high  internal  loss  of  the  vertical  slot  antenna  was 
due  to  a  weak  connection  between  the  coaxial  feed  cable  and  the 
waveguide,  it  would  have  been  necessary  to  take  almost  the  entire 
vehicle  model  apart  to  repair  the  antenna.  Since  time  did  not 
permit  undertaking  such  a  major  task,  the  outer  shield  of  the 
feed  cable  was  soldered  to  the  inside  surface  of  the  copper 
cylinder  to  prevent  the  antenna  input  impedance  from  changing  due 
to  mechanical  stresses  in  the  feed  cable.  Since  the  tuning  was 
highly  sensitive  to  frequency  variations,  the  output  frequency 
of  the  transmitter  had  to  be  controlled  to  within  a  few  megacy¬ 
cles.  A  small  change  in  VSWR  was  observed  due  to  heating  of  the 
antennas  by  the  plasma.  The  affect  of  heating  on  the  VSWR  was 
measured  by  measuring  the  VSWR  immediately  after  the  discharge 
was  turned  off. 
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SECTION  4 

S-BAND  Ml  CROWAVE  SYSTEM 

A  block  diagram  of  the  coaxial  S-Band  system  is  shown  in 
Figure  4-1.  The  frequency  of  the  Alfred  oscillator  could  be 
adjusted  from  2.0  GHz  to  4.0  GHz  with  a  maximum  power  output  of 
80  milliwatts  at  2.0  GHz  and  220  milliwatts  at  4.0  GC.  The 
frequency  was  monitored  by  displaying  the  output  of  the  frequency 
meter  on  the  vertical  plates  of  the  oscilloscope.  During  a 
frequency  adjustment,  the  output  power  was  held  constant  by  a 
correction  signal  fed  back  to  the  oscillator  from  the  RF  sampler. 
Two  isolators  prevented  the  output  frequency  of  the  oscillator 
from  drifting  when  large  changes  in  load  impedance  occurred  due 
to  the  plasma.  Since  the  antenna  input  impedance  was  highly 
sensitive  to  frequency  changes  (Section  3.2),  a  large  surge  of 
reflected  power  was  obtained  if  the  RF  coaxial  switch  was  not 
used.  This  effect  was  due  to  the  transient  frequency  output  of 
the  oscillator  immediately  after  turning  it  on.  Since  the  ther¬ 
moelectric  power  head  on  the  reflected  power  coupler  could  take  a 
maximum  of  one  milliwatt,  a  surge  of  reflected  power  caused  the 
head  to  burn  out  before  the  coaxial  switch  was  put  in  the  circuit. 

A  TWT  amplifier  was  used  to  deliver  10  watts  of  power  at  the 
inputs  of  the  antennas.  The  angle  of  the  reflection  coefficient 
was  obtained  directly  by  feeding  the  outputs  from  the  sidearms 
of  the  dual  directional  coupler  into  a  phase  bridge.  The  VSWR 
was  obtained  by  measuring  the  incident  and  reflected  powers.  The 
reflected  power  was  measured  with  a  thermoelectric  power  meter. 
With  the  one  milliwatt  power  head  reflected  power  as  small  as 
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30  microwatts  could  be  measured.  This  sensitivity  enabled  the 
tuning  of  the  antennas  for  input  VSWR' s  less  than  1.1  for  incident 
powers  below  100  milliwatts. 


The  transmitted  signal  was  detected  with  a  Scientific/Atlanta 
microwave  receiver.  The  receiver  was  connected  to  an  antenna 
pattern  recorder  which  gave  relative  power  directly  in  decibels. 

A  potentiometer  circuit  was  built  to  externally  control  the 
frequency  output  of  the  oscillator.  With  this  device  the  frequency 
could  easily  be  adjusted  to  within  a  megacycle. 

4.1  Vehicle  Model  Microwave  Termination 

In  the  actual  reentry  case  the  wake  of  the  plasma  sheath  tends 
to  constrict  towards  the  vehicle  axis  forming  a  trap  for  electro¬ 
magnetic  energy.  This  aspect  of  the  wake  was  simulated  in  the 
laboratory  by  mounting  the  plasma  simulator  on  a  ring  of  "pack- 
in -place"  microwave  absorber  and  surrounding  the  base  of  the 
simulator,  up  to  the  base  of  the  cone,  with  panels  of  absorber 
which  were  specially  cut  to  fit  the  contours  of  the  simulator 
base.  A  sketch  of  the  microwave  termination  is  shown  in  Figure 
4—2.  The  simulator  and  absorber  rested  on  a  copper  ground  plane 
approximately  3'  x  .  The  vehicle  model  was  inserted  up  into 
the  simulator  through  a  hole  in  the  ground  plane.  A  copper 
cylinder  was  soldered  to  the  hole  and  slotted  at  one  end  for 
clamping  the  model  in  position.  The  cylinder  also  extended  one 
inch  above  the  ground  plane  to  hold  the  "pack-in-place"  absorber 
in  place.  The  absorber  panels  which  were  cut  to  fit  around  the 
simulator  also  shielded  the  steel  flanges  of  the  cathodes  from 
the  RF  field.  The  flanges  produced  scattering  in  the  field  of 
the  antennas  when  exposed. 
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VEHICLE  MODEL 


ABSORBER 
GROUND  COPPER  PLANE 


'PACK-IN-PLACE"  / 
ABSORBER 


SLOTS 


COPPER  CYLINDER 


HOSE  CLAMP 


Figure  4-2  Sketch  of  Vehicle  Model  With  Microwave  Termination 
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4*2  RF  Shield ir>rj  "  ‘"°  . . . . . 

Since  the  plasma  attenuated  the  incident  «  , 

30  db  (Section  5.4),  the  field  at  the  ’  ““ 

»  3ehhage  from  coaxial  cables  and  OOB"T'"9  *“  to 

snail  compared  to  the  received  “  te  «»  mada 

preliminary  set-up  of  th  519113  th6  plasma-  In  * 

close  to  the  anecho'  T  ““  Was  *>«ted 

the  transmitter  and  1  *  **  ^  «  °C  between 

«i&iniu;er  and  the  inputs  tn  t>,0  ,  ^ 

Doubly  shielded  coaxial  cables,  about  10  flT  *  m“ 

between  the  tran-mite  °"9  were  used 

transmrtter  and  the  antenna  inputs  Mic™ 
components  at  the  transit*  P  Microwave 

were  connected  together  •  ^  “  iS°lators-  c°“Plers  etc. 

coaxial  cable  ZTZ  **  -* 

indicated  tha^  the  fiewVt  Pr6liminaiy  — “  interns 

to  the  Signal  received  from TV  ^  "  133)1396  *“ 

a  rrom  the  plasma.  The  lealcacro  i 

measured  by  terminating  the  coax  fron,  «,  W3S 

dummy  load  and  noting  the  chance  •  ■  tI*“S"litter  with  a 

pattern  recorder.  “  S19Ml  l6Vel  «  the  antenna 

TO  obtain  a  meaningful  measurement  of  the  small  ■  , 

the  Plasma,  the  background  RF  level  bad  tot  ! 
so  db  below  the  signal  received  with  no  ^ 

The  oscillator,  the  TWT  and  *  in  ^  ™«^tor. 

ne  twt  and  components  connected  nn 

°f  ^  *"*«•  were  grouped  together  on  two  ZZT* 

to  a  distance  about  IS  feet  from  ■«,  ,  ”,ovea 

cents  were  connected  together  with  llrT 

cables  and  solid  coaxial  -  a  of  solid  coaxial 

transmitter  and  the  anten  CaWes  ^tween  the 

feet,  rf  leakace  f  ^  *  >-*>—  to  IS 

g  rom  these  cables  and  the  connector  iuncf- 
^ach  end  was  eliminated  by  encasina  ^  ^  ^unctrons  at 

mg  the  cables  in  3/8"  flexible 
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e>eel  conduit  and  taping  the  ends  of  the  conduit  with  aluminum 
tape,  with  conducting  adhesive,  to  the  bodies  of  the  connectors. 
The  transmitter  assembly  is  shown  on  the  left  in  Figure  4-3.  The 
shielded  cables  can  be  seen  along  the  floor.  The  anechoic 
chamber  (not  shown  in  the  photo)  is  to  the  far  right.  The 
Scientific/Atlanta  receiver  and  phase  bridge  is  located  in  the 
center  of  the  photo  and  the  pattern  recorded  to  its  right. 

The  RF  shielding  was  quite  successful.  Background  RF  was 
reduced  to  — b3  dL  below  the  signal  received  with  no  plasma  in 
the  simulator.  This  isolation  was  maintained  even  at  10  watts 
input  power. 
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SECTION  5 


ANTENNA  MEASUREMENTS 


Preliminary  measurements  showed  that  the  perturbation  of  the 
plasma  on  the  antenna  measurements  discussed  in  the  following 
sections  varied  by  a  negligible  amount  as  the  frequency  was  varied 
from  2700  MHz  to  3900  MHz.  Since  one  of  the  requirements  of  this 
program  was  to  make  measurements  at  low  frequencies,  all  measure¬ 
ments  were  made  at  2700  MHz.  The  slot  antennas  were  "cut-off"  at 
approximately  2600  MHz  and  thus  a  lower  frequency  could  not  be 


used. 


The  operational  characteristics  of  the  simulator  defined  the 
upper  and  lower  limits  of  gas  pressure  and  discharge  current  that 
could  be  used  to  obtain  meaningful  antenna  measurements  (see 
Sections  2.2  and  2.2.1).  Therefore  all  measurements  were  per¬ 
formed  at  2.4  Torr  and  3.5  Torr,  and  at  currents  between  25 
amperes  and  45  amperes.  The  procedure  used  in  taking  the  mea¬ 
surements  was  to  set  the  gas  pressure  at  2.4  Torr  or  3.5  Torr 
with  the  simulator  current  set  at  35  amperes.  The  current  was 
then  varied  between  25  amperes  and  45  amperes  to  make  antenna 
measurements  under  different  plasma  conditions.  The  small  pres¬ 
sure  variation  due  to  changing  the  current  was  observed  to  have 
no  measurable  effect  on  the  antenna  measurements. 


With  10  watts  input  power  to  the  slot  antennas,  a  small 
plasma  could  be  sustained  around  the  antenna  apertures  wi ch  the 
RF  power  alone.  The  plasma  had  to  be  initiated  by  applying  a 
high  voltage  from  a  Tesla  coil  near  the  simulator.  With  the  RF 
plasma  alone,  the  input  VSWR  to  the  antennas  was  high  and  the 
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reactive  component  of  the  input  impedance  was  large  and  negative. 
When  the  dc  discharge  was  turned  on  the  VSWR  decreased  and  the 
reactance  became  less  negative.  A  photograph  of  the  RF  plasma 
around  the  aperture  of  the  horizontal  slot  antenna  is  shown  in 
Figure  5-1.  The  measured  values  of  the  input  VSWR  and  input  im¬ 
pedance  are  given  in  the  sections  below. 

To  facilitate  the  presentation  of  the  experimental  data,  the 
electromagnetic  parameters  (i.e.,  VSWR,  impedance,  etc.)  were  plot¬ 
ted  as  a  function  of  the  simulator  discharge  current  for  parametric 
values  of  gas  pressure  and  input  power.  The  experimental  results 
given  in  the  following  sections  may  be  related  to  the  ratios  co  /co 

Xr 

and  v/oo  by  Table  5-1. 

TABLE  5-1 

Relation  of  Simulator  Gas  Pressure  and  Discharge  Current 

to  Ratios  a)  /co  and  v/co. 

P 


P  =  2.- 

i  TORR 

p  =  : 

ANODE 

CURRENT 

(AMPS) 

0)  /co 

p 

V/co 

co  /co 

p 

0 

13.50 

16.64 

20.54 


0 

.009 

.009 

.008 


0 

14.00 

18.09 

22.61 


0 

.026 

.012 

.007 
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Figure  5-1  RF  Plasma  Produced  by  Horizontal  Slot  Antenna 
at  10  Watts  Input  Power. 


The  VSWR  at  the  antenna  inputs  was  determined  by  measuring  the 
incident  and  reflected  powers  with  directional  couplers  (Figure 

4-1) .  The  reflection  coefficient  is  related  to  the  incident  and 
reflected  powers  by 

1/2 

(5.1) 


[, 


where  is  the  reflection  coefficient  at  the  couplers,  and 


and  Pi  are  reflected  and  incident  powers,  respectively  at 
the  couplers.  Due  to  transmission  line  attenuation,  the  reflec¬ 
tion  coefficient  at  the  couplers  is  smaller  than  the  reflection 
coefficient  at  the  antenna  inputs.  If  is  the  reflection 

coefficient  at  the  antenna  inputs,  then 


line  attenuation  (db)  =  10  log1Q 


/ 


(5.2) 


The  input  VSWR,  S  ,  is  given  by 


(5.3) 


The  line  attenuation  was  measured  by  terminating  the  transmission 
lines  to  the  antennas  with  known  RF  loads,  and  measuring  the  re¬ 
flection  coefficient  at  the  couplers.  Due  to  discontinuities  at 
the  connectors,  an  effective  attenuation  war*  measured.  The  ef¬ 
fective  attenuation  was  found  to  be  different  for  low  and  high 
VSWR's.  To  facilitate  the  measurements,  an  average  valu0  of  the 
effective  attenuation  was  used.  The  input  VSWR's  measured  were 
accurate  to  within  approximately  15%. 


The  input  VSWR  is  plotted  in  Figures  5-2  and  5-3.  For  the 
horizontal  slot,  the  VSWR  was  appreciably  affected  by  increasing 
the  input  power  to  10  watts.  The  VSWR  was  only  slightly  affected 
by  changing  the  pressure  from  2.4  Torr  to  3.5  Torr.  The  RF  sus¬ 
tained  plasma  produced  the  highest  VSWR.  The  maximum  VSWR  ob¬ 
tained  for  the  vertical  slot  was  much  lower  than  the  maximum 
VSWR  for  the  horizontal  plot.  This  effect  was  due  to  the  high 
internal  loss  (4  db)  of  the  vertical  slot  antenna.  A  VSWR  of 
2.14  was  measured  when  the  vertical  slot  aperture  was  covered 
with  aluminum  tape.  Therefore,  the  plasma  could  not  produce  a 
VSWR  much  greater  than  2.0. 

5.2  Antenna  Patterns 

An  anechoic  chamber  was  built  around  the  simulator,  part  of 
which  is  shown  in  Figure  2-4.  The  receiving  antenna  was  log- 
periodic  with  a  beamwidth  of  about  110°  in  the  H-plane  and  about 
90  in  the  E-plane.  It  was  mounted  on  a  boom' that  could  be 
swung  through  an  angle  of  90°  from  the  simulator  axis.  A  photo 
of  the  antenna  on  the  boom  is  shown  in  Figure  2-4  .  The  boom  was 
covered  with  absorber  material  to  reduce  spurious  reflections. 

The  plane  in  which  the  antenna  patterns  were  taken  is  defined  in 
Figure  5-4.  The  receiving  antenna  was  about  five  feet  from  the 
axis  of  rotation  of  the  boom. 

The  received  signal  was  detected  with  a  microwave  receiver 
(Figure  4-1)  whose  sensitivity  was  -95  dbm.  The  output  of  the 
receiver  drove  a  chart  recorder  which  recorded  the  field  inten¬ 
sity  directly  in  db  as  a  function  of  the  "off-axis"  angle  9  (Fig¬ 
ure  5-4).  The  chart  drive  was  monitored  by  a  1:1  synchro  motor 
on  the  boom  axis  of  rotation. 


$ 


.H 


/t  .  u  . 


'  w  ' 


VOLTAGE  STANDING  WAVE  RATIO 


Figure  5-3. 


Discharge^urrent Gnna  InPUt  VSWR  vs'  Emulator 


-tMYTHCONl-g.  A  V  T  HE  O  N  C  O  M  o  a  m  y 

Thfl  „  -  . . * . .  oivimio*  " 

«■  Tn?  H-plane  patterns  of  the  vertinsi 

*  -  ^  v  r  vertical  slot  are  given  in  Figures 

oug  -6d.  and  the  E-plane  patterns  of  the  horisontal  slot 

••no  piT  i“  Fl9UreS  5"7  thr°U3h  5‘8d-  AU  «»«•»■  (except  the 
no  P— patterns,  exhibit  strong  interference  effects.  Since 

::A~  :ry  °verre  a-e  -  v° »« -  -  — 

nlasma  ■  !  7  radlated  ^  the  ^-continuities  of  the 

behind  th ^  U"fm6d  *«««  -  the  aviator 

the  slots  (section  2.2).  This  assertion  was  confirmed 

V  covering  the  simulator  with  aluminum  foil  just  up  to  the  dis- 

r:::i::r of  the  piasma  and  ^  ~  ~ 

and  ^  6rnS  Sh°Wed  n°  ChanSe  ln  the  average  attenuation 

RadiarPPr°lable  Patteln  diEt°rti0n  *“  t0  the  aluminum  foil.  ’ 
n  rom  the  spatially  separated  discontinuities  (i.e., 

terf  tl0n  S°UrCeS)  gaV€  riSG  to  constructive  and  destructive  in- 
erferenoe  at  various  points  in  the  field,  resulting  in  antenna 

due  r  Wlth  Str°ng  lnterferenco  effects.  Interference  effects 
due  to  spurious  radiation  fro™  „a-ui 

neqliaible  ■  '  COnnectors,  etc.,  was 

tion  4  2,  T  leVSl  °f  ttiS  radiati°"  ('65  db)  S— 

This  ac  r  ^  UVel  °f  ^  radiation. 

rS  ther  CheCked  by  rePeating  the  "no  plasma..  pat- 

rnppt*  °f  *• - — 

.  _  .  P  InS  Were  ldentlcal  in  shape  to  the  patterns 

Obtained  without  the  pad.  A  small  nrnhe 

..  v .  p  mal1  Probe  was  placed  at  the  base 

surfac  ^  1Cle  1”°del  (i'e"  3  PlaS"a  discontinuity)  to  detect 

inorea  "htm  the  Plas”»  was  .'turned-on"  no 

increase  in  signal  was  observed.  However,  this  may  have  been 

ecause  the  probe  was  not  in  the  optimum  position  to  detect  sur¬ 
face  waves,  so  that  this  result  is  inconclusive. 

«  the  interference  structure  of  the  patterns  is  neglected 

some  general  observations  of  the  effects  due  - 

ox  me  effects  due  to  polarization  and 
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Figure  5-5b  H-Plane  Pattern  of  Vertical  Slot  Antenna 
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Figure  5-6a  H-Plane  Pattern  of 


Vertical  Slot  Antenna 
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Figure  5-6d  H-Plane  Pattern  of 


Vertical  Slot  Antenna 
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Figure  5-7a  E-Plane  Pattern  of 


Horizontal  Slot  Antenna 
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Figure  5-7b  E-Plane  Pattern  of  Horizontal  Slot  Antenna 
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Figure  5-8a  E-Plane  Pattern  of  Horizontal  Slot  Antenna 


5-26 


?  • 


RAYTHEON  COMPam  y 

•**C«  -~D  "»0...*T,0N  .V.T.M.  O.V...ON 


input  power,  can  be  made.  in  all  ea«?*a «  4.. 

n  aii  cases  the  attenuation  was 

greater  for  the  larger  value  of  m  /a)  at  a  given  pressure  and 
input  power.  There  was  roughly  5  dh  more  attenuation  for  the 
vertroal  slot  and  10  db  tore  attenuation  for  the  horizontal  slot 
at  the  larger  value  of  y*.  ^  attenuation  was  approximately 

he  same  for  the  lower  power  ^  =  100  l«)  and  the  high  power 

and"  "/  °  WattS’  CaSeS  f°r  thE  VertlCal  Sl0t  at  3  9iven  Pressure 
V0*  Typically,  the  attenuation  was  greater  than  30  db 

The  detailed  structures  of  the  antenna  patterns  for  the  vertical 

ot  were  essentially  the  same  at  lower  power  and  high  power  at 

a  given  pressure  and  yb.  For  the  horizontal  slot  the  attenua- 

i°n  WaS  r°U9hly  greater  than  20  db  at  lower  power  and  greater 
than  25  db  at  high  power  at  a  given  pressure  and  /<n.  The  de¬ 
tailed  structures  of  the  antenna  patterns  for  the  horizontal  slot 

were  essentially  the  same  for  the  corresponding  low  power  and 
nigh  power  cases. 

Although  the  difference  in  attenuation  between  the  vertical 

slot  and  the  horizontal  slot  might  be  attributed  to  the  different 

polarizations,  the  higher  internal  loss  (4  db,  of  the  vertical 

slot  antenna  was  probaoly  responsible  for  the  difference  in  at- 
tenuation. 

5-3  isolation  Between  Orthogonal,  slot 

isolation  between  the  slot  antennas  was  measured  using  the 
experimental  arrangement  shown  in  Figure  5-9.  The  transmitter 
an  receiver  cables  were  disconnected  from  the  antenna  inputs 
and  shorted  together.  For  a  given  input  power  a  reference  level 
was  obtained  on  the  pattern  recorder.  *  pad  had  to  be  placed 
on  the  input  of  the  receiver  when  making  the  reference  measure¬ 
ment  to  prevent  saturating  the  receiver.  The  shorting  cable  was 
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Figure  5-9  Antenna  Isolation  Measurement 
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then  removed  and  the  transmitter  and  receiver  cables  were  connec- 
ed  back  to  the  antennas.  The  pad  was  then  removed  and  the  re¬ 
ared  anlount  of  attenuation  was  taken  out  of  the  receiver  to 
brtn9  the  recorder  pen  back  to  the  reference  mark.  The  remaining 
attenuate  in  the  receiver  was  subtracted  from  the  total  attenua¬ 
tion  in  the  receiver  (i.e.,  including  the  pad,  used  to  obtain  the 
reference  level,  and  the  isolation  between  the  slot  antennas  was 
aine  directly  in  db.  The  plasma  was  "turned-on"  and  the 
receiver  attenuation  was  adjusted  to  bring  the  recorder  pen  back 

to  the  reference  mark .  The  isolation  between  the  slot  antennas 
was  obtained  as  previously. 

The  isolation  measured  by  transmitting  with  the  vertical  slot 
and  receiving  with  the  horizontal  slot  is  given  in  Figure  5-10 
and  Figure  5-11.  The  transmitter  and  receiver  cables  were  inter¬ 
changed  at  the  transmitter  and  receiver,  and  the  isolation  mea¬ 
sured  by  transmitting  with  the  horizontal  slot  and  receiving  with 
e  vertical  slot  is  given  in  Figure  5-12  and  Figure  5-13.  In 
an  cases  the  isolation  was  essentially  independent  of  input 
power  from  25  milliwatts  to  10  watts.  Ho  noticeable  deviation 
rom  the  reciprocity  principle  for  transmitting  and  receiving 
antennas  in  a  linear  medium  was  observed.  since  the  plasma  was 
highly  overdense  the  RF  fields  could  not  penetrate  into  the 
Plasma  to  any  appreciable  ektent  and  the  energy  was  confined  to 
the  air-glass  space  between  the  slot  apertures  and  the  plasma 
boundary.  Therefore,  the  energy  coupling  the  antennas  was  con¬ 
fined  within  linear  media  and  the  antennas  behaved  reciprocally. 

The  isolation  between  the  transmitting  antenna  and  the  re¬ 
ceiver  was  measured  by  disconnecting  the  receiver  cable  at  the 
receiving  antenna  input  and  terminating  the  cable  with  an  RF  load 
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ine  isolation  was  -119  db  mu«  _ 

on  the  isolati  *  **'  the  effect  of  R IP  leakage 

the  isolation  measurements  was  negligible. 

!>.4  Antenna  Tnput  - 

For  a  uniform  lossless 

impedance  Z  «,  •  ‘“nsmission  line  terminated  i„  solre 

load  •  ■  L'  6  inPUt  1"*,edanoe  2  </>  «t  a  distance  /  from  the 

load  is  given  by  (Reference  5) 

Mr)  =  i  +  |r  p-3  0(/) 

°  1  -  r  (5.4) 

where  Z  is  the  characteristic 

„  0  cceristic  impedance  of  the  line-  r  is 

reflection  coefficient  and  av,  '  F  fc 

coefficient  mw  3,1916  °f  0,6  “flection 

,  .  o,  n0r,naliZed  lMd  It'Pc^ance  is  found  by  taking 
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If  the  transmission  line  is  *»«+.  t  , 

refl^.  6  18  n0t  lossless  the  magnitude  of  the 

ef lection  coefficient  in  Equation  (5  5}  m„ei  , 
load.  q  on  (5.5)  must  be  measured  at  the 


Denote  the  input  impedance  to  the 


1  ♦  f  e~^A 

i  -  p  e"^A 

A 


slot  antenna  by  Z  .  Then, 


(5.6) 


Since  is  related  to  the  VSWR  q  at-  4.1. 

equation  '  A  antenna  input  by  the 
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SA  +  1 
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Equation  (5.6)  becomes 
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If  «A  is  measured,  and  using  the  .assured  values  of  s  given  in 

Section  5.!,  the  normalized  antenna  input  impedance  is  given  by 
Equation  (5.8).  Y 

The  angle  0fl  was  measured  by  measuring  the  phase  difference 
between  the  incident  and  reflected  waves  with  a  dual  directional 
coupler  and  phase  bridge  as  shown  in  Figure  4-1.  To  read  0 
directly  off  the  phase  bridge,  the  bridge  had  to  be  balanced.  The 
ri  ge  was  balanced  by  terminating  the  coaxial  cable  to  the  antenna 

“  6  a"tenna  lnpUt  "ith  a  «sistive  RF  load  whose  impedance 

was  greater  than  a<>  and  adjusting  the  bridge  until  the  reflection 
angle  meter  read  zero.  The  justification  for  this  calibration 

procedure  can  be  seen  from  Equation  (5.5).  If  0  is  set  equal  to 
zero,  then  L 


But  since 


1  + 


1  - 
I  r  I 


S1  •  f  B 

o 


To  compute  the  antenna  input  impedance,  it  was  found  easier 
to  use  a  smith  chart  than  Equation  (5.8).  A  circle  of  radius 
SA  was  drawn  about  the  center  of  the  chart.  A  line  drawn  from 
the  center  of  the  constant  VSWR  circle  to  0ft  on  the  "angle  of 
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Equation  (5.6)  becomes 
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If  t  is  measured,  and  using  the  measured  values  of  Sft  given  in 

ection  5.1,  the  normalised  antenna  input  impedance  is  given  by 
Equation  (5.8) .  Y 
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etween  the  incident  and  reflected  waves  with  a  dual  directional 
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drrectly  off  the  phase  bridge,  the  bridge  had  to  be  balanced.  The 
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the  antenna  input  with  a  resistive  RF  load  whose  impedance 
was  greater  than  Zq  and  adjusting  the  bridge  until  the  reflection 
angle  meter  read  zero.  The  justification  for  this  calibration 

procedure  can  be  seen  from  Equation  (5.5).  If  0  is  set  equal  to 
zero,  then  h 
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If  0^  is  measured,  and  using  the  measured  values  of  given  in 
Section  5.1,  the  normalized  antenna  input  impedance  is  given  by 
Equation  (5.8). 
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reflection  coefficient"  scale  intersected  the  VSWR  circle  at  the 


normalized  input  impedance,  z 


(Reference  6) 


A  sample  calculation  is  shown  in  Figure  5-14. 


The  normalized  real  and  imaginary  parts  of  the  input  imped¬ 
ance  are  given  in  Figures  5-15  to  5-18  for  the  vertical  slot 
antenna,  and  in  Figures  5-19  to  5-22  for  the  horizontal  slot 
antenna.  The  reactive  component  of  the  input  impedance  was  nega¬ 
tive  for  the  horizontal  slot  and  positive  for  the  vertical  slot 


at  low  input  power  (P^n  =  100  milliwatts) .  When  the  input  power 


was  increased  to  10  watts,  the  sign  of  the  reactive  component 
of  the  input  impedance  was  observed  to  reverse  for  both  the  verti¬ 
cal  slot  and  the  horizontal  slot.  For  anode  currents  below  25 
amperes  the  reactive  component  of  the  impedance  might  be  negative, 
for  the  horizontal  slot,  as  indicated  by  the  extrapolated  portion 
of  the  curve  in  this  current  range  in  Figure  5-22.  A  larger 
variation  in  the  real  and  imaginary  parts  of  the  impedance  with 


pressure  was  observed  at  high  input  power  (P^n  =  10  Watts)  than  at 


low  power  for  both  antennas.  The  real  and  imaginary  parts  of  the 
impedance  for  the  vertical  slot  were  less  sensitive  to  variations 


in  the  plasma  parameters  (i.e.,  ng  and  v),  due  to  changing  the 


simulator  anode  current  at  a  constant  pressure,  than  the  real  and 
imaginary  parts  of  the  impedance  of  the  horizontal  slot  for  the 
same  variations  in  the  plasma  parameters  at  both  low  and  high 
power.  This  phenomena  was  possibly  due  to  high  losses  in  the 


vertical  slot  antenna. 
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SECTION  6 

SIMULATOR  DEVELOPMENT  FOR  IMPROVED 
COVERAGE  OF  REENTRY  PARAMETERS 

The  Raytheon  Reentry  Plasma  Simulator  used  on  this  program 
has  many  features  which  are  invaluable, ^if  not  essential,  for 
reentry  electromagnetic  and  communications  measurements,  in  its 
present  form,  however,  the  range  of  parameters  over  which  the 
Plasma  is  stable,  and  uniformly  fills  the  envelope,  is  limited. 
Company  effort  towards  increasing  the  operating  range  is  already 
m  progress,  and  the  present  status  is  described  in  this  section. 

6 • 1  Present  Limitations _ 

The  present  limitation  in  range  of  plasma  operating  parameters 
is  summarized  in  Table  5-1. 

Figure  6-1  shows  the  electron  concentration  and  collision 
frequency  ranges  over  which  the  simulator  will  now  operate.  Also 
in  the  figure  are  shown  electron  concentrations  and  collision 
frequencies  generated  by  typical  Reentry  ECM  vehicles  following 
characteristic  trajectories. 

It  is  clear  that  the  operating  range  of  the  simulator  should 
be  extended  to  a  region  of  lower  electron  concentration  and 
higher  collision  frequency.  — • 

It  is  believed  that  another  operating  range  exists  at  pres¬ 
sures  below  100  microns,  provided  suitable  changes  are  made  in 
the  anode  power  supply  system  to  damp  out  periodic,  high 
frequency  oscillations.  These  are  most  probably  caused  by  the 
"load  line"  of  the  simulator  being  too  close  to  the  V-l  operating 
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characteristic,  so  that  the  total  circuit  resistance  is  on  the 
threshold  of  being  negative,  as  discussed  in  References  (4)  and 
(9) .  Assuming  this  to  be  the  source  of  instability,  the  technique 
is  simply  to  increase  the  total  power  supply  voltage  and  add 
additional  series  resistance  in  the  circuit.  Since  the  power 
supply  is  a  heavy  current  one,  this  change  was  not  made  during 
the  present  work,  particularly  since  operation  at  lower  pressure 
(and  therefore  lower  collision  frequency)  was  of  less  interest  to 
the  present  investigation. 

6*2  Design  Considerations  for  the  Improved  System 

In  terms  of  gas  discharge  parameters,  the  desired  improvements 
must  be  brought  about  as  follows: 

6.2.1  Lower  Electron  Concentration 

From  Equation  2-1,  lower  electron  concentration  can 
be  achieved  by  operating  at  a  lower  tube  current  and/or  a  higher 
electron  drift  velocity.  Since  the  first  is  not  permissible  if 
good  filling  of  the  plasSma  envelope  is  to  be  achieved,  recourse 
must  be  had  to  increasing  drift  velocity.  Data  on  drift  velocity 
for  a  number  of  gases  appears  in  Reference  (2) .  Unfortunately 
the  data  are  rather  limited,  either  because  precise  experiments 
have  not  been  made  with  many  gases  other  than  rare  gases,  or 
because  measurements  have  been  made  under  conditions  not 
applicable  to  the  present  problem,  such  as  in  a  different  energy- 
range.  a  mixture  of  argon  plus  one  percent  nitrogen  shown  prom¬ 
ising  possibilities  (Reference  2).  it  should  be  noted  that 
almost  any  other  gas  o.  gas  mixture  other  than  pure  argon  would 
be  expected  to  have  a  higher  drift  velocity.  This  gas  was 
originally  chosen  with  the  express  purpose  of  achieving  a  high 
electron  concentration  in  the  gaseous  discharge. 
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Higher  Electron  Collision  Frequency 


The  total  electron  collision  frequency  is  determined 
in  a  relatively  complex  way  by  several  parameters,  such  as  neutral 
concentration,  ion  concentration,  and  electron  temperature  (Refs. 
2,  10,  11).  Again ,  data  useful  for  our  specific  requirements  are 
relatively  limited. 


Hence,  starting  perhaps  with  Argon  plus  an  admixture  of 
nitrogen,  a  series  of  different  yas  mixtures  must  be  experimentally 
tried  over  a  range  of  pressures  and  tube  currents,  to  determine 
their  operating  conditions  for  good  stability  and  filling  of  the 
glass  envelope.  Then  those  mixtures  and  conditions  most  appro¬ 
priate  for  ECMJReentry  conditions  must  be  selected,  following 
Figure  6-1 . 


6.3  Current  Development  of  an  Improved  System 

From  the  preceding  discussion  and  knowledge  of  discharge  tube 
design  requirements,  it  is  clear  that  additions  must  be  made  to 
the  simulator  in  the  form  of  a  precise  gas  supply  and  mixing 
system.  The  gases  must  be  of  extreme  high  purity  (less  than 
1  ppm  contaminants) ,  so  that  the  system  must  be  fully  bakeable 
for  many  hours  at  temperatures  up  to  400  deg*  C.  The  pressure 
must  be  accurately  measured  and  controlled  over  a  relatively 
wide  range  (say  1  micron  to  760  Torr).  It  follows,  of  course, 
that  pressure  indicators  and  valves  must  also  be  bakeable. 

A  further  requirement  also  emerged  from  some  early  experi¬ 
ments  on  the  simulator.  When  a  1%  Nitrogen  in  Argon  mixture  was 
used,  while  a  good  discharge  was  obtained,  the  nitrogen  was 
effectively  removed  from  the  system  in  about  a  minute  by  ion 
bombardment.  Clean-up  also  occurs  with  pure  Argon,  of  course. 
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bUt  at  a  negligible  in  Vac-Ion  pumps,  m  these  pumps,  it  is  well 
known  that  rare  gases  are  very  difficult  to  pump,  whereas  pumping 
for  other  gases  is  quite  rapid.  Thus  the  new  system  must  be 
designed  to  feed  gas  in  continuously  to  replenish  cleaned-up 
gases.  This  immediately  dictates  the  need  for  a  sophisticated, 
precise,  bakeable  automatic  pressure  control  system  for  the 
simulator. 


It  would  be  desirable  that  gases  be  used  which  do  not  poison 
the  hot  thermionic  cathodes.  Thus  this  class  of  gases  will  be 
seledted  first  for  experiment.  Should  this  prove  impossible,  or 
Should  it  be  desired  for  ECM  system  reasons  that  a  damaging  gas 
such  as  oxygen  be  used,  then  a  simulator  design  has  been  formulated 
in  v/hich  the  cathodes  would  operate  under  an  inert  gas  blanket, 
while  the  system  gases  are  fed  into  the  simulator  without  contac¬ 
ting  the  cathodes.  Such  a  technique  has  proved  feasible  at  the 
NASA  Ames  Research  Center,  although  a  different  configuration 
and  application,  namely  a  high  temperature  plasma  arc. 

Development  and  construction  of  the  new  high  purity,  bakeable, 
mixed  gas  continuous  feed  system  and  bakeable  pressure  gauges  and 
controller  has  proceeded  at  the  Raytheon  Company  to  the  point 
where  the  main,  critical  items  have  been  constructed  ready  for 
trial.  A  photograph  of  the  system  is  shown  in  Figure  6-2. 
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SECTION  7 


CONCLUSIONS 

At  present,  simulation  of  reentry  plasma  sheath  collision 
frequency  and  electron  density,  utilising  an  argon  dc  discharge 

wrth  externally  heated  cathodes,  seems  to  he  limited  to  collision 

frequencies  below  5  x  10°  fsec  a. 

13  I  sec.)  and  electron  densities  above 

(cm)*  .  The  use  of  a  gas  other  than  argon  or  gas  mixtures 
such  as  argon  and  one  percent  nitrogen  may  shift  and  perhaps 
extend  the  range  of  simulation  of  reentry  plasma  parameters.  The 
nitrogen  in  the  argon-nitrogen  mixture,  however,  is  driven  into 
the  simulator  walla  by  the  discharge  within  a  few  seconds.  Such 
a  gas  mixture  is  unuseable  unless  nitrogen  can  be  fed  into  the 
simulator  at  a  precisely  controlled  rate.  Raytheon  development 
work  on  a  system  of  this  kind  is  described  in  Section  60. 

The  simulator  fills  with  plasma  between  75%  and  90%  depending 
on  the  discharge  current,  it  is  felt,  however,  that  antenna 
measurements  are  not  significantly  affected  by  the  unfilled  por¬ 
tion  of  the  simulator  since  most  of  the  power  dissipated  is  due 
to  absorption  in  the  plasma. 

Strong  interference  effects  are  observed  in  the  "no  plasma- 
antenna  patterns  if  all  metal  structures  at  the  base  of  the 
simulator  are  rot  well  covered  with  absorber  material.  The 
"pack-in  place"  absorber  ring  at  the  base  of  the  simulator  has 
a  negligible  effect  on  the  antenna  patterns,  and  no  change  in 
signal  attenuation  in  the  far  field  results  when  the  ring  of 
abser1->er  is  removed. 
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It  is  difficult  to  extract  the  effect  of  the  polarization 
of  the  vertical  slot  antenna  on  the  measurements  from  the 
"padding"  effect  due  to  the  internal  loss  (4db)  of  the  antenna. 
Due  to  the  mismatch  between  the  coaxial  feed  cables  and  the  slot 
antennas  the  input  impedance  is  very  frequency-sensitive,  thus 
requiring  the  frequency  to  be  held  constant  to  within,  a  few  mega¬ 
cycles. 

RF  shielding  of  cables  and  connectors  in  coaxial  systems  Ls 
extremely  important  when  antenna  pattern  measurements  are  made 
for  plasma  attenuations  greater  than  approximately  20db.  For 
coaxial  systems,  measurements  of  input  VSWR  and  impedance  should 
be  made  at  the  antenna  inputs.  Errors  introduced  in  the  VSWR 
measurements  due  to  mismatches  at  the  connectors  are  as  high  as 


15%. 

In  the  presence  of  a  highly  overdense  plasma  (i.e.,  00^/00  >20) 
the  isolation  between  orthogonally  oriented  slot  antennas 
decreases  by  more  than  20db.  The  maximum  input  VSWR  attainable 
(for  a  low  loss  slot  antenna)  is  about  4.5.  Since  the  antenna 
patterns  show  an  average  attenuation  on  the  order  of  30db,  most 
of  the  power  loss  is  due  to  absorption  in  the  plasma.  RF  heating 
of  the  plasma  appreciably  affects  the  antenna  input  impedance. 

At  high  input  power  (i.e.,  10  watts)  the  impedance  is  also 
appreciably  affected  by  a  change  in  gas  pressure  of  1  Torr. 


7.1  Recommendations 


It  was  difficult  to  shield  the  steel  flanges  of  the  cathode 
stems  on  the  simulator  from  the  antenna’ fields,  since  the  flanges 
are  only  about  5  inches  from  the  antenna  slots.  It  would  be 
desirable  to  lengthen  the  cylindrical  portion  of  the  simulator 
envelope  at  least  5  inches.  At  present,  the  Langmuir  probes 
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are  located  near  the  simulator  anode””  "m,""" 

measurements  to  be  extrapolated  down  to  the"1"9  de"Sity 

eperturss.  «  wouid  be  preferable  to  have  aTT  It  2 
height  of  the  antenna  apertures  but  90  dec  "" 

left  of  the  apertures.  Ne„  gases  ,  *  t0  the  ri*ht  °r 

investigated  for  obtaini^r  “  >* 

electron  densities  while  obta'  •  100  frequencles  and  lower 

simulator.  The  natle  a  d  ’  of  the 

Observed  in  the  arc  „  Ca“3eS  °f  the  plasma  instabilities 
ed  in  the  argon  discharge  should  be  investiuated  a 
for  eliminating  such  instate  t*.-  g  ted  and  "^ans 

instabilities  should  be  implemented 
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effect  of  the  plasma  sheath  on  antenna  ZZZZlTZZl  ^ 

aItILlmPIratlVe  tha"  thS  eleCtrioK1  eharacteristics  of  thT^ 

the  Antenna  1<3entiCa1'  Purtha™°«.  if  small  plasma  effects  at 
the  antenna  apertures  are  to  be  measured  at  t„ 

the  antennas  should  have  small  internal  ,  a"tenna  inPUtS' 

making  measurements  over  the  f  T°  faCiUtata 

freguency  band  of  interest  th« 
entennas  should  be  etched  to  the  transmission  line  at  th 
inputs  over  th*  une  at  their 

at  the  inputs  make  tZ  ba"d:  °f  StUb  tUna~ 

These  antenna  design  J2Z22Z  ITT  *reqUenCy-sansi‘-o- 
the  antennas  can  be  constructed  from  waveguideTITTTT 
-Put  to  the  radiating  aperture  on  the  surface  of  I  T  T 
-del.  Furthermore,  an  all  waveguide  s -Band  I  t 
ft  errors  due  to  mismatches  of  connectors  in  em  “  lmPerativs 
are  to  be  eliminated.  3  C°aXlal  spsta“ 

It  is  recommended  that  the  vehicle  model  be  constructed  • 
two  easily  detachable  parts  s„oh  constructed  in 

P  rts .  such  a  construction  would 
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facilitate  the  repairing  or  modification  of  any  particular 


antenna  on  the  model  without  requiring  the  other  antennas  to  be 
removed  or  essentially  dismantling  the  entire  model . 
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SECTION  8 

SUMMARY  OF  ANALYTICAL  STUDIES 


8-1  Analytical  Approach  -  Cone  Problem 

Tba  model  considered  for  this  problem  of  radiation  from  slot 
antennas  consists  of  a  semi-infinite  metallic  (perfectly  conducting) 
cone  with  a  spherical  cap  of  radius  rQ  at  the  tip  of  the  cone 
(see  Figure  8-1).  This  conducting  cone  represents  an  ECM  vehicle. 
The  cone  is  assumed  to  be  covered  by  a  uniform  plasma  sheath 
occupying  the  region  r>rQ  and  »<0<0,-  where  the  angle  Q  is 
measured  from  tne  axis  of  the  cone.  The  angles  Q  =  a  and 
0  -  $  define  the  surfaces  of  *.he  conical  vehicle  and  the  plasma 
sheath  respectively.  Two  orthogonally  oriented  slot  antennas 
are  mounted  on  the  surface  of  the  conducting  cone.  These 

radiating  elements  radiate  through  the  plasma  sheath  into  the 
free  space. 

The  method  of  approach  (see  References  4,  7,  8,  9)  consists 
of  introducing  appropriate  radial  eigen  functions  for  each  region 
(i.e,,  for  plasma  and  free  space  regions).  In  order  to  remove 
some  mathematical  difficulties  encountered  in  the  construction 
of  radial  eigen  functions,  a  spherical  cap  on  the  nose  of  the 
cone  is  introduced  as  a  mathematical  model  of  the  problem.  For 
details  the  reader  is  referred  to  References  (4)  and  (9) . 

At  present  the  problem  is  incomplete.  However,  the  approach 
is  discussed  clearly  in  References  (4)  and  (9) . 
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The  purpose  of  this  problem  was  to  calculate  the  radiation 

pattern,  the  phase  of  the  radiated  fields  and  the  mutual  impedance 
between  the  two  antennas. 
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